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Introduction

In this report, we present the results of Link-Node Model simulations that were performed to
determine the conditions and sources of oxygen-consuming substances and nutrients that
contribute to low dissolved oxygen (DO) conditions in the Stockton Deep Water Ship Channel
(DWSC), located in the lower reaches of the San Joaquin River (SJR). This study was conducted
by the Ecological Engineering Research Program (EERP) at the University of the Pacific and
Systech Engineering as a part of the SJR DO Total Maximum Daily Load (TMDL) Project
(E0883006). The purpose of the project and of the work described herein was to identify sources
of pollution in order to develop strategies to mitigate low DO conditions in the SJR estuary. This
work addresses Subtasks 4.7 and 4.8 of the project.

The Link-Node Model, developed as part of the previous DO TMDL studies, simulates the
tidally influenced lower SJR between the junction with Old River near Mossdale and Light 18
located within the DWSC (Herr et al., 2008). It was designed to work in conjunction with the
Watershed Analysis Risk Management Framework (WARMF) model, which simulates rainfall,
runoff, and discharge in the highly agricultural upper SJR watershed from Friant Dam to Old
River (Herr, et al., 2008). As part of this study, the Link-Node Model was improved and
recalibrated by Systech Engineering in November 2012 using observed DO data recorded at the
Rough & Ready Island (RRI) flow and water quality monitoring station. In May 2013, the Link-
Node Model was again calibrated using the same DO data set, but with improved wind data,
improved BOD decay rates, and an improved re-aeration adjustment factor (Appendix 5.1.1,
Sheeder and Herr 2013). Available DO and flow data were collected from the California Data
Exchange Center (CDEC) to evaluate the accuracy and precision of two calibrated Link-Node
Models. Mean relative error and mean absolute error, calculated using the model results and the
observed data, were used to determine model accuracy and precision, respectively.

Both calibrations of the Link-Node Model were used to develop baseline conditions, as well as
four additional scenarios, with the purpose of investigating the impact of existing conditions and
the effect of oxygen-demanding substances on DO concentrations in the DWSC. Each simulated
scenario was based on the removal of one of the four main causes of DO depletion in the DWSC
as identified by previous studies (Chen and Tsai, 2001; Foe et al., 2002; Gowdy and Grober,
2005; Lee and Jones-Lee, 2003) and included (i) modification of the DWSC geometry to reflect
river widths and depths consistent with adjacent sections of the SJR, (ii) removal of oxygen-
depleting loads from the Stockton Regional Water Quality Control Facility (RWCF), (iii)
removal of oxygen-depleting loads from the upstream portion of the SJR, and (iv) removal of
oxygen-depleting loads from tributaries and urban runoff directly discharging into the DWSC.

Excess net oxygen demand (ENOD) is a measure of the SJIR’s DO deficit below assimilative
capacity in reference to a regulatory standard (Gowdy and Grober, 2005). ENOD was calculated
for DO excursion events and the relative contribution of each scenario to low DO events in the
DWSC was determined by a comparison of the results from the modeled scenario and the
corresponding baseline ENOD and DO concentrations. Additionally, both calibrated models
were used to simulate the effects of decreased exports from the SJR at the head of Old River by
increasing the flow rate through the DWSC. Results for all scenarios were classified by water
year in order to further investigate the effect of flow on DO concentrations.
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Previously, the Central Valley Regional Water Quality Control Board (CVRWQCB) determined
that the responsibility for reducing ENOD should be apportioned among the contributing factors
as follows: 30 percent to the City of Stockton RWCF; 60 percent to non-point sources
(discharges from irrigated land and those responsible for the maintenance of the DWSC) and 10
percent from unknown or minor sources (Gowdy and Grober, 2005). Since the publication of
Gowdy and Grober (2005), the Stockton RWCF discharge permit has been modified and now
includes a limit for ammonia (CVRWQCB, 2008). To meet the modified permitted effluent
limits, the Stockton RWFC underwent major improvement projects that included construction of
a nitrification facility.

The overall goals of the Link-Node Model analysis were to determine the relative contribution of
DWSC geometry, mass loads from the upstream SJR, mass loads from urban tributaries and
runoff, and mass loads from the Stockton RWCF to the low DO problem in the DWSC.
Additionally, the model was used to explore the effect of increased river flows on mitigating low
DO conditions in the DWSC. The use of the 2012 and 2013 model calibrations for providing a
scientific foundation for the development and implementation of a DO TMDL for the SJR, based
on using model results to assist with policy decisions and load allocation calculations, was
investigated.

Methods
Description of Study Area

The study area comprises the downstream estuary portion of the SJR beginning at the junction
with Old River near Mossdale and ending at Light 18 of the DWSC (Figure 1; Herr, et al., 2008).
Flow in this area is affected by a 25 hour tidal cycle. Upstream of the DWSC, the RWCF
discharges treated effluent from the City of Stockton into the SIR (Figure 1; Hallock et al., 1970;
Gowdy and Grober, 2005).

Due to reoccurring low DO conditions in the DWSC which affect salmon migration and other
aquatic life, the SJR has been placed on the federal 303(d) list of impaired water bodies under the
Clean Water Act. The CVRWQCB was established a minimum 6 mg L™ DO objective during
the salmon migration months (September through November) in addition to a 5 mg L™ DO
standard during the remaining months (Gowdy and Grober, 2005; Lee and Jones-Lee, 2000). In
2005, the CVRWQCB adopted a control program to allocate responsibility for excess net oxygen
demand (ENOD) above the DO criteria to the entities responsible for oxygen depletion due to the
change in DWSC geometry, reduced flows through the DWSC, oxygen-depleting loads from the
Stockton RWCF, and upstream non-point source pollution (CVRWQCB, 2011). The Stockton
RWCF has since added a nitrification facility to comply with a cease and desist order from the
CVRWQCB to satisfy the 2 mg L™ NH,"-N average monthly effluent limitation and 5 mg L™
NH;"-N maximum daily effluent limitation outlined in their National Pollution Discharge
Elimination System (NPDES) permit (CA0079138). The nitrification facilities were online on
September 18, 2006 (CVRWQCB, 2008).
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Observed Dissolved Oxygen Data

Continuously monitored dissolved oxygen (DO) data for the SJR at RRI monitoring station
(Figure 2) was obtained from available sources (CDEC, 2013). The DO data at this station was
collected by the California Department of Water Resources (DWR) from January 1, 2005 to
December 31, 2011 at a depth of 1 m, following DWR quality assurance and quality control
(QA/QC) protocol. Since 2008 DO data has also been collected at depths of 3 and 6 m; however,
only 1 m DO data was used here since it was available through the entire period of study. In the
data set, DO measurements were taken at 15 minute intervals; however, to be consistent with
flow measurement frequency, only DO data recovered within +5 minutes of the hour was
retained for this analysis. Where multiple DO measurements were made within the time period
of £5 minutes of the hour, the DO data was averaged.

Observed Flow Data

Continuously monitored flow data was obtained from available sources (CDEC, 2013) for the
SJR at RRI and Garwood Bridge monitoring stations (Figure 2). Flow measurements at Garwood
Bridge were collected every hour with more frequent measurements taken when anomalous
“events” were occurring (CDEC, 2013). Flow data at this station was available from December
31, 2004 to September 1, 2011. Flow measurements at RRI were taken at the same frequency as
Garwood Bridge; however, data was only available beginning January 9, 2007. Only flow data
recovered on the hour was retained for this analysis. Where multiple flow measurements were
made within the hour, the net flow rate at each hour was calculated.

Net flow rate was calculated by applying a moving average centered at each hour with averaging
time intervals varying from 1 to 32 hours. Net flow rate is the difference between the volume of
water flowing downstream and the volume of water flowing upstream during the specified time
interval. Calculation of the net flow rate, rather than the flow rate, is essential in a tidally-
influenced water body such as this. The results were plotted and the averaging time interval that
resulted in the least amount of oscillation was selected. Using this technique, an averaging
interval of 25 hr was selected.

Because flow data at the RRI monitoring station was limited, a linear regression analysis was
developed to determine whether flow data from the Garwood Bridge station could be used to
represent net flow through the DWSC. The analysis resulted in a good linear fit for net flow at
the RRI and Garwood Bridge monitoring stations (R2=0.913; Figure 3) with the regression
equation,

y =105 + 0.953x (1)

where x is the net flow (cfs) at Garwood Bridge and y is the net flow (cfs) at RRI.
The non-negative y-intercept indicates that use of the Garwood Bridge data will result in the

underprediction of flow rate at RRI by approximately 105 cfs. The mean net flow rates for the
RRI and Garwood Bridge sites are 1,714 cfs and 1,415 cfs, respectively (Table 1). Based on the
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results of the linear regression analysis and given that the data set was complete, the Garwood
Bridge net flow data was used here to represent net flow through the DWSC.

Model Overview

The Link-Node model simulates flow and water quality in the tidally influenced portion of the
lower SJR between the junction with Old River and Light 18 of the DWSC (Herr, et al., 2008).
The primary area of interest in this study is the SJR at RRI monitoring station which is located
within the Stockton DWSC and is used for compliance monitoring, particularly for observing
DO concentration (Node 40; Figure 1). Inputs to the Link-Node model include the upstream SJR
(Node 1; Figure 1), urban tributaries (14-Mile Slough, Bear Creek, Mosher Slough, Calaveras
River, Mormon Slough, Duck Creek, Littlejohns Creek, French Camp Slough, Pixley Slough,
and Stockton urban runoff, all of which drain directly into the DWSC), and the Stockton RWCF
outfall (between Node 25 and 26; Figure 1). Documentation of the model interface and the
engineering algorithms that form the basis of the model are available in Chen and Tsai (2001,
2002).

Model Calibration

In November 2012, Systech Engineering calibrated the Link-Node model using observed DO
data at the SJR at RRI monitoring station. This effort is referred to as the November_2012 model
calibration throughout this report. In May 2013, the Link-Node model was again calibrated. The
second calibration was based on the same DO data set but included improved wind data at RRI,
more representative biochemical oxygen demand (BOD) decay rates, and an improved re-
aeration adjustment factor to address concerns that the previous baseline scenario under-
predicted DO concentrations and over-predicted the number of days where DO excursions
occurred (Appendix 5.1.1, Sheeder and Herr, 2013). This effort is termed the May 2013 model
calibration throughout this report.

Baseline Scenarios

Baseline scenarios for both the November 2012 and May 2013 model calibrations were
simulated in order to predict the existing conditions within the Link-Node model domain.
Observed data was used to define boundary conditions for the Link-Node model. This data
included temperature, DO, chlorophyll a, and turbidity (used to estimate total suspended solids)
from the SJR at Mossdale monitoring station, which was used to compile the input dataset for the
upper portion of the SJR. In addition, water quality data for the Stockton RWCF tertiary effluent
was characterized using measured data, as reported in the City’s monthly monitoring reports as
part of their compliance requirements for with their discharge permit.

Where observed data were unavailable, output from the Sacramento River version of the

Watershed Analyses Risk Management Framework model (SAC-WARMF) was used to provide
water quality input parameters for Stockton tributaries and urban runoff. Model output from the
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SJIR-WARMF-2008 model was not used as input for the Link-Node model and observed data
were used to define the boundary conditions for the SJR river upstream of the estuary.

Assessment of Model Error

Model accuracy and precision were described using relative error and absolute error,
respectively. Accuracy reflects the ability of the model to capture the central tendency of the
observed data while precision describes the ability of the model to match the pattern of the data
(Figure 4). The mean relative error, an estimate of model accuracy, is given by,

1 n
Erer = aZ(xi - ) 2)

where x is the model DO concentration (mg L™), c is the observed DO concentration (mg L™),
and n is the number of data points. Relative error is calculated for the ith time step as x; — ¢;. For
mean relative error, positive numbers indicate model over-prediction, negative numbers indicate
model under-prediction, and numbers close to zero indicate good accuracy; for example, a mean
relative error of 1.0 mg L™ indicates that the model tends to over-predict DO concentrations by
1.0 mg L™. The mean absolute error, an estimate of model precision, is given by,

n
1
Eaps =7 > 5 = cil ©)
i=1

For mean absolute error, numbers close to zero indicate good precision. Absolute error is
calculated for the ith time step as |x; — c;|. A mean absolute error of 1.0 mg L™ indicates that the
model results tend to be 1.0 mg L™ higher or lower than the observed DO concentrations. Note
that it is possible to have a mean relative error of zero but a mean absolute error greater than
zero; this can happen when the same amount of model over-prediction and under-prediction
occurs. Both the mean relative error and mean absolute error can be expressed as percentages by
dividing each by the mean observed concentration and multiplying the final result by 100%,
n

o _ 1 X; — C o
i=1
1w lx; — ¢l
%E s = HZ% x 100% 5)
i=1

where ¢ is the mean observed DO concentration (mg L™). This gives a representation of mean
relative error and mean absolute error with respect to the original values; a mean relative error of
50% indicates that the model tends to over-predict observed DO concentrations by half of the
original values while a mean absolute error of 50% indicates that the model results tend to be
50% higher or lower than each observed DO concentration.
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Altered Load Scenarios

Using both the November_2012 and the May_2013 model calibrations, four additional scenarios
were simulated to investigate the impact of oxygen-demanding substances on DO concentrations
in the DWSC (herein termed “altered load scenarios”; Table 2). In each of the four scenarios, the
input of a specific condition or source of oxygen consuming materials was eliminated to
determine its individual effect on DWSC DO depletion. The effect of each scenario was
evaluated by comparing the simulation results with the baseline results. The altered load
scenarios were:

1 Elimination of the deepened Stockton Deep Water Ship Channel (“No DWSC” scenario)
To assess the impact that dredging of the DWSC has on DO, the depth of Link-Node
segments corresponding to the DWSC were changed from approximately 40 feet to
12.5 feet, the depth of the natural stream channel upstream of the dredged area.

2 Elimination of oxygen consuming materials flowing into the Link-Node domain from the
SJR (“No SJR” scenario) To estimate the impact of SJR inflows on DO concentrations in
the DWSC, the concentrations of oxygen consuming materials in the Link-Node
boundary inflow file were reduced to zero. Oxygen consuming materials include BOD,
ammonia-nitrogen, coliform bacteria, and Chlorophyll-a (used as a measure of algae).

3 Elimination of oxygen consuming materials flowing into the Link-Node domain from
tributaries other than the SJR (“No Tribs” scenario) To estimate the impact of tributary
inflows on DO concentrations in the DWSC, the concentrations of oxygen consuming
materials in the Link-Node tributary inflow files for Stockton urban runoff and tributaries
were reduced to zero. Oxygen consuming materials include BOD, ammonia-nitrogen,
coliform bacteria, and Chlorophyll-a.

4  Elimination of oxygen consuming materials flowing into the Link-Node domain from the
City of Stockton RWCF (“No RWCF” scenario) To assess the effect that this point
source has on DO conditions in the DWSC, the concentrations of oxygen consuming
materials in the Link-Node tributary inflow file, were reduced to zero. Oxygen
consuming materials include BOD, ammonia-nitrogen, coliform bacteria, and
Chlorophyll-a.

Allocating Oxygen-Consuming Load Sources

According to the 2005 Amendments to the Water Quality Control Plan for the Sacramento River
and SJR Basins (Gowdy and Grober, 2005), when the DO concentration is below regulatory
standards, the excess net oxygen demand (ENOD), a measure of the SJR’s assimilative capacity,
in Ib day™ is calculated by,

ENOD = (D0ypj — DOpreqs) X (Qpwse + 40) X 5.4 (6)

where DO,,;; is the DO criterion of 6 mg L™ in the months of September through November and
5mg L™ during all other months, DO,,,s is the measured DO concentration occurring in the
SJR (mg L™), Qpwse is the 25 hour average net flow rate through the Stockton DWSC (cfs), 40
is an adjustment factor to account for flow measurement error, and 5.4 is a conversion factor.
Positive ENOD values represents the net oxygen demand below the SJR’s assimilative capacity
based on the DO standard, while negative ENOD values represents the SJR’s remaining
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assimilative capacity based on the DO standard. The ENOD is also positive when the net flow
rate is negative and DO is above the criteria. Thus, only positive net flow values were considered
and applied in this calculation. A margin of safety (MOS) is calculated based on the ENOD,

MOS = —0.2 x ENOD
()

The total ENOD is divided into contributions from different sources,
ENOD — MOS = 1.2 X ENOD = [SWLA + YLA] + Rpwsc + Rriow (8)

where YWLA is the sum of waste load allocations resulting from point source pollution
(Ibday™), YLA is the sum of load allocations resulting from non-point source pollution
(Ib day™), Rpwsc is the equivalent oxygen demand resulting from changes in channel geometry
(Ib day™), and Ry, is the equivalent oxygen demand resulting from decreased net flow due to
upstream diversions (Ib day™).

Effect of Flow on Dissolved Oxygen Concentrations

Equation 8 for calculating the ENOD in the 2005 Basin Plan Amendments (CVRWQCB, 2011)
includes the term Rp,,,, to represent the effective ENOD resulting from decreased flow in the
impaired reach of the SJR. Analysis of the ENOD representing this term is difficult since
changes in flow may also affect loads. It may not be realistic to have constant mass loads with
variable flow rates. Therefore, the analysis of the effect of changing basin flow was analyzed
separately from the other scenarios where mass load and ship channel geometry were altered.

To quantify the effect of flow on DO concentrations, Link-Node model scenarios were
developed using the November 2012 and May 2013 model calibrations and the RRI observed
DO data sets grouped by water year (Table 3). The water year starts on October 1 and ends on
September 30 of the next calendar year. Using the DWR definitions for water years,
classifications for wet years were coded as “wet”, classifications for above or below normal
years were coded as “medium”, and classifications for dry and critical years were coded as
“dry”. Table 3 contains a summary of the water year codes from 2005-2011 and their DWR
water year classification equivalents (CDEC 2013).

In addition, the May_ 2013 model calibration was used to create an additional simulation called
the Flow+500 cfs scenario. This scenario was used to simulate the effect of decreased exports
from the SJR at the head of Old River by increasing flow in the Stockton DWSC by 500 cfs. This
scenario was compared against the baseline scenario to evaluate whether increased flow in the
DWSC would result in an improvement in DO and ENOD.
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Results and Discussion
Evaluation of Model Calibrations
Addressing Gaps in Observed Data

In order to determine whether the model could be used to make predictions at times when
observed data was unavailable (e.g. when measurements are missed due to equipment failure or
malfunction), summary statistics were calculated for the entire prediction interval from January
1, 2005 through December 31, 2010 (Model Predictions; Table 4), as well as a subset of the
predicted data including only predicted data points when simultaneous observed data was
available (Model Predictions with Paired Observations; Table 4). The difference between the
mean DO for all predicted data and for this subset of data was only 1.4%, indicating that
predicted data did not seem to be compromised by gaps in observed data. Thus, the entire
predicted datasets were used for all analyses included in this report.

Accuracy and Precision of Model Baselines

Summary statistics for the May 2013 and November 2012 model baseline scenarios are
presented in Table 4. The mean predicted DO concentrations were 7.53 mg L™ using the
May 2013 model baseline scenario and 6.14 mg L™ using the November_2012 model baseline
scenario, indicating that the May 2013 model baseline scenario predicted higher DO
concentrations than the November 2012 model baseline scenario.

The mean relative errors for DO calculated using the May_ 2013 and November_ 2012 model
baseline scenarios were -0.110 mg L™ and -1.49 mg L™, respectively (Table 5). This indicates an
improvement in the accuracy when the May 2013 model baseline scenario was used compared
to the results obtained when the November_ 2012 model baseline was used. The mean absolute
error in predicted DO concentrations calculated using the May 2013 and November_2012 model
baseline scenarios were 0.897 mg L™ and 1.73 mg L™, respectively (Table 5). This shows that
the changes made in the May 2013 model calibration, relative to the November_ 2012 model
calibration, improved model output precision for the overall time period.

In order to visualize the accuracy and precision of the two model calibrations over time, a time
series plot of the observed DO concentration at RRI, predictions obtained using the May 2013
model baseline scenario, and predictions obtained using the November 2012 model baseline
scenario was used (Figure 5). Based on Figure 5, it appears that predictions obtained using both
the May 2013 and November 2012 model baseline scenarios lacked precision in predicting
large peaks and troughs in 2007 and 2008. This result was further analyzed by categorizing
relative and absolute error by year (Figures 6 and 8, respectively) and month (Figures 7 and 9
respectively). The DO concentration calculated using the May_2013 model baseline scenario did
have greater mean absolute error in 2007, while the November 2012 model baseline scenario
produced a more accurate outcome for this year (Figure 8). Overall, however, results from the
May 2013 model baseline scenario fared better, as indicated by the results for the mean relative
and absolute error that did not vary greatly on a yearly or monthly basis (Figures 6-9).
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Prediction of Dissolved Oxygen Excursions

Accuracy and precision of model predictions are particularly important at times when DO is
below regulatory standards, referred to as DO excursions. For this reason, a separate analysis
was performed on a subset of the predicted data, containing only data at times when excursions
occurred (model predictions of DO excursions; Table 4). The mean predicted DO concentrations
were 5.43mg L™ using the May 2013 model baseline scenario and 3.90 mg L™ using the
November_2012 model baseline scenario, indicating that the May 2013 model baseline scenario
predicted higher DO concentrations than the November_2012 model baseline scenario during
excursions.

DO excursions were observed at RRI on 286 days (13%) of the 6-year period occurring in 2005-
2010, as compared with 102 days (5%) predicted using the May_2013 model baseline scenario
and 665 days (30%) predicted using the November 2012 model baseline scenario (Table 6). The
mean relative error for DO concentration calculated using the May 2013 model baseline
scenario was 1.64 mg L™ when RRI observed concentrations were below regulatory standards
(Table 5), indicating that the model tended to over-predict DO concentrations during days when
excursions occurred, and consequently, was less likely to predict excursions. The opposite
appeared to be the case for the November_2012 model baseline scenario, which had a mean
relative error of -0.321 mg L™ when excursions occurred (Table 5), indicating that the model was
under-predicting DO concentrations on days when excursions occurred.

In order to determine the accuracy of the two model calibrations in predicting DO excursions
over time, the percent of days where excursions occurred was plotted by month for the
May_2013 model baseline scenario (Figure 10) and the November_2012 model baseline scenario
(Figure 11) (corresponding data is presented in Table 7). In addition, relative error was
categorized on an annual (Figure 12) and monthly (Figure 13) basis. The May_2013 model
baseline scenario under-predicted DO excursions in all years except 2009, while output from the
November_2012 model baseline scenario over-predicts DO excursions in all years except in
2006 and 2007, when it under-predicts excursions (Figure 12). In both the May 2013 and
November_2012 model baseline scenarios, the greatest over-predictions occurred in 2007
(Figure 12) as well as in the months of January and June (Figure 13) throughout the entire model
simulation period. In order to determine the effect of flow on model prediction, mean percent
excursion days were categorized by water year for observed RRI data and both model baseline
scenarios (Figure 14). Based on this representation, the May 2013 model baseline scenario
under-predicts excursions during dry and wet years, while the November 2012 model baseline
scenario over-predicts excursions in medium years.

Oxygen Demand Sources

Dissolved Oxygen Improvement

Summary statistics for DO concentration in the DWSC as predicted by the four altered load
scenarios are presented in Table 8. Time series plots of expected DO concentration improvement

determined from the Link-Node model scenarios with respect to the model baseline scenario are
shown in Figure 15 for the May 2013 model baseline and in Figure 16 for the November_2012
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model baseline. The simulated restoration of the SJR depth to natural conditions in the DWSC
and the simulated removal of loads originating from the SJR resulted in the greatest
improvements in DO.

Summary statistics for DO concentration in the DWSC as predicted by the four altered load
scenarios during DO excursions are presented in Table 9. Figures 17 and 18 show the mean,
minimum, and maximum improvements in DO on each day where an excursion occurred for
each of the Link-Node scenarios with the May 2013 and November 2012 model baselines with
the largest daily DO deficit shown for comparison. Only the top 5% deficits for days with
excursions are shown in Figure 18 due to the large number of excursion days predicted using the
November_2012 model baseline. During the three day period April 24-27, 2006 there was an
unusually large change in DO concentration from 7.77mg L™ on April 24 at 12:00 to
3.65mg L™ on April 25 at 16:00. This event appeared anomalous and the April 25, 2006 data
was omitted from both figures. For both the May 2013 and November_ 2012 model baselines,
the removal of the DWSC resulted in the greatest improvements in DO on days where excursions
occurred.

Excess Net Oxygen Demand

Figures 19 and 20 show ENOD loads calculated using the May 2013 and November 2012
model baseline scenarios where DO excursions were predicted. For both model baselines, ENOD
loads were highest in 2005 and 2009. Figure 20 includes more years than Figure 19 since Link-
Node scenarios generated using the November 2012 model baseline resulted in prediction of
more DO excursions than scenarios generated using the May 2013 model baseline. Summary
statistics for ENOD were calculated for each Link-Node scenario (Table 10) and for each Link-
Node scenario relative to the baseline (Table 11). The No DWSC and No SJR scenarios resulted
in a higher number of predicted negative ENOD values compared with predictions generated for
the other scenarios, indicating that removal of the DWSC and removal of oxygen-demanding
loads from the SJR resulted in greater improvement in DO concentrations than removal of
oxygen-demanding loads from the Stockton RWCF or oxygen-demanding loads from tributaries
to the SJR.

Effects of Increased Flow through the Stockton DWSC

Daily Minimum DO versus Observed Net Flow

According to the 2005 Amendments to the Water Quality Control Plan for the Sacramento River
and SJR basins, no DO excursions were observed between November 1995 and September 2000
when net flow through the DWSC exceeded 3000 cfs (Gowdy and Grober, 2005). With one
exception on August 17, 2005, this also holds true for the time period between January 2005 and
August 2011 (Figure 21).

Flow+500 cfs Scenario

The modeled 500 cfs flow increase resulted in a predicted improvement in the mean DO at RRI
from 7.53 mg L™ to 7.63 mg L™ (1.3% increase) and a predicted improvement in minimum DO
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from 4.83mg L™ to 510mgL™ (5.6% increase) (Table 12). The mean ENOD decreased
from -11,295 kg day™ to -13,607 kg day™ (20% decrease) while the maximum ENOD decreased
from 2,414 kg day™ to 2,400 kg day™ (0.6% decrease) (Table 12). Increasing flow by 500 cfs
over baseline reduced the total number of DO excursions by 48% from 2007 to 1036 and reduced
the total number of days with DO excursion by 39%, from 102 to 62 (Table 13). Based on Figure
22, the increased flow appears to be most effective in improving DO between May and
September during late spring and early fall; however, in some cases, the Flow+500 cfs scenario
predicted lower DO concentrations than predicted in the baseline scenario, suggesting that
increased flow alone may not completely resolve DO excursions without other management
measures. The mean percentage of days per month with DO excursions in the baseline and
Flow+500 cfs scenarios is shown in Figure 23. The percentage of days with excursion per month
in the Flow+500 cfs scenario is about 5% lower than in the baseline scenario, indicating
improvement. Since excursions were not predicted in the baseline scenario during the time
periods in January through June and November through December, no conclusions can be drawn
about the effectiveness of increasing flow on DO during these months (Figure 23). A comparison
of ENOD for the baseline and Flow+500 cfs scenarios is presented in Figure 24; in many cases
where the baseline ENOD was positive, increasing flow by 500 cfs gave a negative ENOD,
indicating that the increased flow resolved excursions in the DWSC. However in some cases, the
increase in flow had no effect on ENOD.

Recommendations for Future Model Investigations

Based on the result that the November_2012 and May_2013 model calibrations likely bracket the
desired model accuracy for predicting excursions in the DO standard, it is recommended that a
third model calibration be considered using a combination of both the November_2012 and the
May 2013 model baseline coefficients to balance the risks and outcomes of model under-
prediction and over-prediction. In addition, both the May 2013 model and November_ 2012
models yielded results that indicated difficulty in predicting days with excursions in 2007 and
2008. Both years were dry years that followed two wet years (in 2005 and 2006). While the flow
conditions may have affected model precision, the mechanisms resulting in the altered DO
concentration is not well understood. Improvement in model simulation results for these two
years is recommended to further improve model precision and accuracy for predicting DO
excursions.

In this analysis, the sum of the differences in ENOD and DO concentration were calculated
between each Link-Node scenario and the baseline scenario, which indicates the amount of
oxygen needed to restore the SJR to a state that is supportive of fish and other aquatic life.
However, complex interactions exist between processes that produce and consume oxygen (such
as re-aeration and reactions between nutrients), suggesting that the contributions of oxygen-
consuming substances are not directly additive. One recommendation of this study is to conduct
additional simulations using combinations of altered load scenarios, including a model run with
all four loading sources removed to improve error quantification and to provide an estimate of
the maximum possible DO improvement. In addition, investigations into the incremental
improvement necessary to restore DO objectives are warranted. Separate scenarios with
increased and decreased diversions are needed to quantify the effect of flow on DO
concentrations. Scenarios with variable DWSC cross-sections would be beneficial for providing
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a better understanding of how hydraulic detention time affects DO concentrations and how future
modifications could improve or worsen DO concentrations.

Evaluation of ENOD as an Indicator of Water Quality Impairment

In the 2005 Basin Plan Amendments (Gowdy and Grober, 2005), ENOD was proposed as a
metric for evaluating low DO in the DWSC. Based on the current dataset, it is possible to
compare DO and ENOD and determine if ENOD provides additional information beyond DO
measurements and predictions. First, a review of ENOD is warranted. As previously stated,
ENOD is the net oxygen demand over and above the assimilative capacity. The ENOD
represents the DO deficit once the regulatory standard has been exceeded. As such, ENOD is
only calculated when the measured DO is below the regulatory standard (Gowdy and Grober,
2005). In this report, we also calculated ENOD when the predicted DO for the simulated
scenarios was above the regulatory standard so that we could evaluate the full benefit of the
scenario beyond the regulatory standard.

ENOD = (DO,p; — DOpeqs) X (Qpwsc + 40) X 5.4 (6)

The calculation of ENOD in the 2005 Basin Plan Amendments is somewhat ambiguous, since
the DO values to be used in the calculation are not explicitly stated. It is not clear if single
measurements or values that are averaged over a time period should be applied in the calculation.
Within the 2005 Basin Plan Amendments, hourly average DO concentration data is presented
(see Table 4-1 on page 21), suggesting that hourly average data should be used. Currently, DO is
measured at RRI for compliance and measurements are taken every 15 minutes. It is our
understanding that violations of the objectives are based on single measurements and not on
hourly averaged DO data. In this study, ENOD was calculated using single measurements taken
at the hour.

The 2005 Basin Plan Amendments clearly state that flow through the DWSC should be
calculated using a 25-hour moving average of flow since flow in the tidally influenced SJR is
positive (flow direction is downstream) and negative (flow direction is upstream) on a daily
basis. Use of the 25-hour moving average results in a net flow value that represents flow
traveling downstream, as the tidal back-and-flow movement of the water is removed from the net
flow value. At the flow monitoring stations on the SJR, hourly flow data is reported. We
interpreted the Qpwsc to mean that the 25-hour moving average should be centered over the time
period for which it is calculated (Equation 9).

t+12

1
QDWSC,t = g Z QDWSC,i (9)

i=t—-12

As shown in Equation 9, Qpwsct IS @ 25-hour moving average, centered on the tth hour within the
dataset. Interpreted as such, Qpwsc represents average 25-hour flow that represent average flow
over a one-hour time period (the tth hour) even though it is reported in units of cfs. If hourly
average DO measurements (DOmeast) and hourly average Qpwsc: calculations are used to
calculate ENOD (Equation 6), the ENOD values will represent hourly average ENOD values.
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Further, the 2005 Basin Plan Amendments does not address how negative net flow should be
handled in the ENOD calculation. In this report we only included positive net flow in the ENOD
calculations. However, it could be argued that negative and positive flow values should be
included since low DO waters will likely be problematic for migrating fish, regardless of which
direction the river is flowing. In the SJR, the net flow can be negative if river exports exceed
river inputs (e.g. from dam releases and agricultural return flows). In the current dataset, negative
net flow was calculated for 3,509 of the hourly increments. Flow data were available for 46,497
of the hourly increments, demonstrating that negative net flow occurred 7.5% of the time. To
calculate ENOD occurring over a single calendar day with consideration for positive and
negative net flow, Equation 10 should be used.

24
1
ENOD = ﬁZ(DOOb i = DOmeast) X (|Qpwsc,| +40) x 5.4 (10)
t=1

Equation 10 is also an improved ENOD calculation to represent daily ENOD (compared to
Equation 6) since the ENOD (triggered by a violation) may not occur over all 24 hours of a day.
If violations occur over all 24 hours of a day, the average of those 24 values will yield the same
results as Equation 10. However, if violations do not occur over all 24 hours of the day and an
average of the ENOD values is calculated rather than using Equation 10, daily ENOD will be
over-estimated.

It should be noted that calculation of ENOD requires measurement of both flow and DO, making
it more difficult to use this as a regulatory metric instead of DO concentration alone. When
continuous monitoring is used, data are unavailable in the event of equipment failure or
malfunction. Also, extremely high or low flow events and changing river conditions may require
adjustment of rating curves used in flow measurements. In the dataset used here, there are 52,511
hourly increments and flow data were available for 46,497 of these increments (11% missing)
and DO data were available for 51,434 of these increments (4% missing). So, flow and DO data
were available for most of the dataset. Of the 79 days where DO violations were predicted by the
model and observed flow data were available, DO violations occurred over all 24 hours of the
day for 43 of the 79 days. For the other 36 days, DO violations did not occur over all 24 hours,
making it more accurate to use Equation 10 to calculate daily ENOD.

An advantage to using ENOD over DO concentration is that the volume of the impaired water is
estimated and not just that a violation occurred. When predicted ENOD is compared with
predicted DO, it is apparent that for a given DO concentration, there are varying amounts of
ENOD based on different flow conditions. The volume of low DO water is important because it
indicates the extent of low DO, and more importantly, the amount of effort needed to correct the
water quality impairment. Estimates of ENOD are especially important if supplemental aeration
is used to mitigate low DO. The maximum hourly and daily ENOD values can be used to design
aeration systems. The hourly ENOD data may be especially useful for determining how to
operate aeration systems to accommodate the diurnal fluxuations in low DO.

Use of flow in addition to DO to indicate the volume of low DO river water appears

advantageous, but it does have some limitations when it is applied with monitoring occurring at a
single point. If net flow is sufficiently high, it will be possible to identify an entire “slug” of low
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DO water as it travels past the monitoring point. However, if net flow is at or near zero, it will
not be possible to determine the volume of impaired river water (using the ENOD calculation in
Equation 10) because it will be stagnant within the ship channel. Surveys of DO completed
throughout the DWSC indicate that when low DO is occurring, it tends to be widely spread
throughout the DWSC and not isolated (Schmieder et al., 2008; Spier et al., 2013). To further
confirm low DO and obtain a better volumetric estimate of the river affected by low DO, it may
be warranted to consider additional DO monitoring stations in the DWSC. The data from the
multiple stations would need to be evaluated in a manner such that a three-dimensional estimate
of DO deficit is obtained. Since 2008 DO measurements have been taken at three depths (1, 3,
and